Chemokines and adhesion molecules upregulated in lymphatic endothelial cells (LECs) during tissue inflammation are thought to enhance dendritic cell (DC) migration to draining lymph nodes (dLNs), but the in vivo control of this process is not well understood. We performed a transcriptional profiling analysis of LECs isolated from murine skin and found that inflammation induced by a contact hypersensitivity (CHS) response upregulated the adhesion molecules ICAM-1 and VCAM-1 and inflammatory chemokines. Importantly, the lymphatic markers Prox-1, VEGFR3 and LYVE-1 were significantly down-regulated during CHS. By contrast, skin inflammation induced by Complete Freund's adjuvant (CFA) induced a different pattern of chemokine and lymphatic marker gene expression and almost no ICAM-1 upregulation in LECs. FITC painting experiments revealed that DC migration to dLNs was more strongly increased in CFA-induced than in CHS-induced inflammation. Surprisingly, DC migration did not correlate with the induction of CCL21 and ICAM-1 protein in LECs. While the requirement for CCR7 signaling became further pronounced during inflammation, CCR7-independent signals had an additional, albeit moderate, impact on enhancing DC migration. Collectively, these findings indicate that DC migration in response to inflammation is stimulus-specific, mainly CCR7-dependent and overall only moderately enhanced by LEC-induced genes other than CCL21.
Abstract
Chemokines and adhesion molecules upregulated in lymphatic endothelial cells (LECs) during tissue inflammation are thought to enhance dendritic cell (DC) migration to draining lymph nodes (dLNs), but the in vivo control of this process is not well understood. We performed a transcriptional profiling analysis of LECs isolated from murine skin and found that inflammation induced by a contact hypersensitivity (CHS) response upregulated the adhesion molecules ICAM-1 and VCAM-1 and inflammatory chemokines. Importantly, the lymphatic markers Prox-1, VEGFR3 and LYVE-1 were significantly down-regulated during CHS. By contrast, skin inflammation induced by Complete Freund's adjuvant (CFA) induced a different pattern of chemokine and lymphatic marker gene expression and almost no ICAM-1 upregulation in LECs. FITC painting experiments revealed that DC migration to dLNs was more strongly increased in CFA-induced than in CHS-induced inflammation. Surprisingly, DC migration did not correlate with the induction of CCL21 and ICAM-1 protein in LECs. While the requirement for CCR7 signaling became further pronounced during inflammation, CCR7-independent signals had an additional, albeit moderate, impact on enhancing DC migration. Collectively, these findings indicate that DC migration in response to inflammation is stimulus-specific, mainly CCR7-dependent and overall only moderately enhanced by LEC-induced genes other than CCL21.
Introduction
Lymphatic vessels play an important role in tissue homeostasis and immune surveillance, and they are also involved in pathologic conditions such as tumor cell metastasis and chronic inflammation. 1 Inflammation enhances the drainage of soluble mediators and the migration of leukocytes, particularly of dendritic cells (DCs), into afferent lymphatics, thereby stimulating the induction of adaptive immunity in draining lymph nodes (dLNs). 2, 3 Many elements of the response to inflammation can be attributed to changes at the transcriptional level. For example, it is well known that blood vascular adhesion molecules and chemokines are upregulated during inflammation and mediate the recruitment of leukocytes. However, to date, the gene expression changes occurring in lymphatic endothelial cells (LECs) in vivo during tissue inflammation have not been comprehensively studied. Such experiments have generally been hampered by difficulties associated with the isolation of the rare LECs from tissues and the subsequent processing steps. In light of such technical constraints, most recent insights into the inflammatory response in LECs have come from in vitro experiments with cultured cells.
Notably, in vitro treatment with inflammatory mediators was shown to upregulate inflammatory chemokines 2, 4, 5 and the adhesion molecules ICAM-1 and VCAM-1 2, 6 in LECs. Both ICAM-1 and VCAM-1 were shown to mediate DC migration into lymphatic vessels under inflammatory conditions. 2 A key molecule required for DC migration into lymphatics is the chemokine CCL21, which is constitutively expressed in LECs. 7 Antigen uptake and activation enhances the expression of its receptor CCR7 in DCs, thereby inducing DC migration towards CCL21-expressing lymphatic vessels and onwards to dLNs. Several recent studies have reported that CCL21 is upregulated in lymphatic vessels during inflammation. [8] [9] [10] Besides inflammation-induced changes in adhesion molecule and chemokine expression in LECs that are thought to favor DC migration, inflammatory mediators are also thought to boost migration by directly acting on DCs, for example by increasing DC motility and responsiveness for CCL21. 11 However, to date, the relative contribution of such DC-versus LEC-mediated pathways of enhancing DC migration have remained unclear.
For personal use only. on October 4, 2017. by guest www.bloodjournal.org From In this study, we have performed a comprehensive ex vivo microarray-based analysis of inflamed and resting LECs isolated by FACS sorting from murine ear skin. Surprisingly, we observed that inflammation induced by a contact hypersensitivity (CHS) response led to the down-regulation of the LEC lineage markers VEGFR3 and Prox-1, whereas inflammatory chemokines and adhesion molecules were strongly upregulated in LECs. We also found that the pattern of chemokines and adhesion molecules induced in vivo depended on the nature of the inflammatory stimulus: ICAM-1 and certain inflammatory chemokines were only induced in LECs in the context of CHS, but not during inflammation induced by injection of Complete Freund's Adjuvant (CFA). Unexpectedly, fluoresceinisothiocyanat (FITC) painting experiments revealed that DC migration was more enhanced during CFA-induced inflammation than during CHS-induced inflammation, in spite of lower CCL21 and ICAM-1 induction in the latter model.
Experiments in CCR7 -/mice revealed that DC migration during CFA-induced inflammation was mainly dependent on CCR7 expression. However, CCR7-independent signals also had a minor migration-enhancing effect, suggesting an additional contribution of LEC-expressed mediators other than CCL21. Collectively, our findings for the first time reveal that inflammatory gene expression in LECs in vivo is modulated in a stimulus-dependent manner. Also the DC migratory response is dependent on the type of inflammation induced and appears to be only moderately enhanced by LEC-expressed, inflammation-induced genes other than CCL21.
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Materials

Mice
Wild-type (WT) FVB or C57BL/6 mice were purchased from Charles River Laboratories Sulzbach, Germany. H-2Kb-tsA58 (Immorto) mice on a C57BL/6 background 12 (The Jackson Laboratory, Bar Harbor, Maine, USA) and CCR7 -/mice 13 , kindly provided by W. Hardt (ETH Zurich), were bread and housed in our facility. All experiments were approved by the Cantonal Veterinary Office Zurich.
CHS-induced ear skin inflammation
A CHS response towards oxazolone was induced in the ear skin of 6 -12-week-old female mice as described. 14 Briefly, mice were anesthetized by intraperitoneal administration of medetomidine (1 mg/kg) and ketamine (75 mg/kg) and sensitized by topical application of 2% oxazolone (4-ethoxymethylene-2-phenyl-2-oxazoline-5-one; Sigma, St. Louis, MO) in acetone/olive oil (4:1 vol/vol) on the shaved abdomen (50 μL) and on each paw (5 μL). Five days later, 10 μL of a 1% oxazolone solution was applied topically to each side of the ears.
Experiments were performed 24 -48 hours after CHS challenge.
CFA-induced ear skin inflammation
CFA (Sigma) was mixed at a ratio of 1:1 with PBS and emulsified for 5 min (4°C, 30Hz) on a Qiagen TissueLyzer (Retsch, Haan, Germany). 10 μl of the emulsion was injected into the ear pinnae of anesthetized mice using a gastight 1705 syringe (Hamilton, Bonaduz, Switzerland).
Protein extraction from mouse ears
Ears were harvested (n=3 mice), cut into small pieces and suspended in an Eppendorf tube in buffer containing 50 mM Tris, 150 mM NaCl and protease inhibitor cocktail (Roche, Rotkreuz, Switzerland). A 5mm steel bead (Qiagen) was added and tissue homogenization was 
Analysis of chemokines in ear protein extracts and in immortalized LEC culture supernatants
Chemokine protein levels were measured at Cytolab (Dallikon, Switzerland) by a multiplexed particle-based flow cytometric cytokine assay 15 using kits purchased from Millipore (Zug, Switzerland), R&D Systems (Abingdon, UK) and BioRad (Hercules, CA). Analysis was performed on a FC500 MPL flow cytometer (Beckman Coulter, Nyon, Switzerland).
FACS sorting of LECs and RNA extraction
24 hours after induction of skin inflammation, mice (n=3) were sacrificed and the ears were harvested. Pooled ear halves were cut into small pieces and briefly digested by incubation for 20 min at 37°C in PBS containing 10 mg/ml of collagenase IV (Invitrogen, Basel, Switzerland), followed by passage through a 40 μm cell strainer (BD Biosciences, Allschwil, Switzerland). All subsequent steps were performed on ice. Resulting single cell suspensions were rapidly stained with the following antibodies: APC-labeled rat anti-mouse CD31; PerCP-labeled anti-mouse CD45 (both from BD Biosciences); hamster anti-mouse podoplanin (clone 8.1.1 -Developmental Studies Hybridoma Bank, University of Iowa, Iowa) and anti−hamster-PE (Invitrogen). LECs were isolated on a FACSAria Cell Sorter (BD Biosciences) and sorted into RNAprotect Cell Protect reagent (Qiagen). Total RNA was extracted using RNeasy plus micro kit (Qiagen). The WT-Ovation Pico RNA amplification kit (Nugen Technologies, San Carlos, CA) and the QIAQuick PCR purification kit (Qiagen) were used for cDNA synthesis and a single round of isothermal amplification. The amplified cDNA was analyzed on a Bioanalyzer 2100 and RNA 6000 Nano LabChip (both from Agilent, Santa Clara, CA). Four paired samples (inflamed and control) were chosen for microarray experiments. 
FACS analysis of ear single cell suspensions
Uninflamed and CHS-inflamed ears of mice were digested with collagenase IV (Invitrogen) as previously described. 14 In some experiments, ear single cell suspensions were stained with anti-CD11c-APC and DCs were quantified with counting beads (Invitrogen).
Immunofluorescence analysis of ear sections
Immunofluorescence analyses of CHS-inflamed and control ears were performed as previously described. 16 Sections were incubated for 2 hours at room temperature with the following primary antibodies in Antibody Diluent (Zytomed Systems, Berlin, Germany): goat anti-mouse uPAR (R&D Systems), rabbit anti-mouse NrCAM (AbCAM, Cambridge, UK), rat anti-mouse VEGFR3 (eBioscience, Hatfield, UK), in combination with rabbit anti-mouse LYVE-1 (AngioBio, Del Mar, CA) or rat anti-mouse LYVE-1 (clone ALY7 17 ). Alexa488-or Alexa594-coupled secondary antibodies (Invitrogen) were used for detection. Slides were mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, MA).
Immunofluorescence analysis of ear whole mounts
Mice were sacrificed and ears harvested after hair removal with VEET depilation cream.
Subsequently, ears were split into two halves along the cartilage, and ear halves were fixed with 4% PFA for 2 hours. Ears were washed with PBS and incubated for 2 hours in 12 % BSA / PBS. Subsequently, ears were incubated overnight with the following primary antibodies: rat anti-mouse I-A/I-E (BD Biosciences), goat anti-mouse CCL21 (R&D Systems), rabbit antimouse CCL2 (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit-anti-mouse CXCL1 (Peprotech, Rocky Hill, NJ), or corresponding isotype controls in combination with rabbit antimouse LYVE-1 (AngioBio) or rat anti-mouse LYVE-1 (clone ALY7 17 ). Next, ears were washed in PBS and incubated for at least 4 hours with Alexa-conjugated secondary antibodies (all from Invitrogen). Ears were washed in PBS and fixed for 10 min with 4% PFA. Samples were mounted using Vectashield (Vector Laboratories).
Image Acquisition
Stainings were examined using an Axioskop 2 MOT plus microscope equipped with a 20x 0.50NA Plan-NEOFLUAR and a 40 x1.3NA oil Plan-APOCHROMAT objective and an AxioCam MRm monochrome digital camera (all from Carl Zeiss AG, Feldbach, Switzerland). Images For personal use only. on October 4, 2017. by guest www.bloodjournal.org From were acquired using AxioVision 4.4 software (Carl Zeiss AG). Adobe Photoshop CS2 (Adobe System, San Jose, CA) was used for image processing. Some whole mounted sections were analyzed on a Zeiss LSM 710-FCS confocal microscope equipped with a 20x 0.8NA Plan-Apochromat, a 40x 1.2NA water C-Apochromat and a 63x 1.4NA oil DIC Plan-Apochromat objective (all from Carl Zeiss AG). Images were acquired using the Zeiss ZEN 2009 software (Carl Zeiss AG) and processed using Imaris software (Bitplane AG, Zurich, Switzerland). 
Isolation of immortalized LECs from Immorto mice and in vitro assays
Statistical analysis
Data were analyzed using the Student's t-test (unpaired, two-tailed, or paired when indicated) and are presented as mean ± standard error (SEM). Differences were considered statistically significant when p < 0.05. All experiments were repeated 2-4 times.
Results
Gene expression analysis of LECs isolated from CHS-inflamed skin
To study how inflammation affects gene expression in LECs, a CHS response towards oxazolone was induced in the ear skin of mice. In this model, inflammation is caused by an adaptive T cell recall response and is characterized by the production of pro-inflammatory and T H 1 cytokines. 18 One day after challenge with oxazolone, the ears of the mice were strongly inflamed ( Figure 1A) . Analysis of ear protein extracts detected elevated levels of TNFα and IFNγ ( Figure 1B) . Furthermore, high numbers of MHCII high leukocytes were present in the inflamed ears ( Figure 1C) , some of which co-localized with lymphatic vessels (Figure 1C , medium and right panel).
To isolate LECs from uninflamed or CHS-inflamed ears, the ear tissue was enzymatically digested and single cell suspensions were stained for CD45, CD31 and podoplanin ( Figure   1D ) 14, 19 , and LECs were isolated by FACS sorting. Interestingly, we observed that podoplanin expression was slightly reduced in inflamed LECs (Figure 1D, E) . However, albeit this reduction, LEC and BEC populations remained clearly separable during inflammation ( Figure   1D ), in agreement with previous results. 14, 19 Typically 1500 to 6000 LECs (purity > 98%) were obtained from the pooled ears of three mice. To amplify the minute amounts of extracted total RNA, the RNA was transcribed into cDNA and subjected to a single isothermal amplification step, typically yielding 5 -8 μg of amplified cDNA. qPCR analysis revealed a strong induction of ICAM-1 and VCAM-1 in LECs isolated from inflamed as compared to control ears ( Figure 1F) .
Subsequently, microarray experiments were performed on the amplified cDNA samples. The analysis of the resulting array data revealed present call rates between 39.8% and 47.5%. Importantly, all control and inflammation-derived samples clustered amongst themselves (Supplemental Figure 1A, B ). Statistical analysis showed that 618 genes were induced at least two-fold, while 689 genes were down-regulated at least two-fold (p ≤ 0.01, Supplemental Figure 1C ). A significant upregulation of ICAM-1 and VCAM-1 was detected in inflamed LECs (Table 1) . Furthermore, the lymphatic endothelial origin of the hybridized samples was confirmed by present calls for many pan-endothelial marker genes and for most LEC marker genes (Figure 2A,B) .
CHS-induced inflammation leads to the down-regulation of lymphatic marker genes
Interestingly, the arrays indicated that the lymphatic marker genes Prox-1 and VEGFR3 were down-regulated in inflamed LECs (Figure 2B) . A significant, inflammation-induced downregulation of Prox-1 and VEGFR3 was confirmed by qPCR analysis performed on the ex vivo sorted and processed LEC samples (Figure 2C) . Furthermore, LYVE-1 was found to be significantly down-regulated in inflamed LECs (Figure 2C ), in agreement with previously published reports 20, 21 . Down-regulation of VEGFR3 on lymphatics in inflamed ear tissue was confirmed by immunofluorescence ( Figure 2D, Supplemental Figure 2) . Surprisingly, the observed inflammation-induced reduction in podoplanin protein expression ( Fig. 1D,E ) did not coincide with a down-regulation of podoplanin mRNA (Figure 2B,C) .
CHS-induced inflammation modulates the expression of cell surface molecules in LECs
Further analysis revealed that various LEC-expressed cell surface molecules were differentially expressed during CHS-induced inflammation ( Table 1) . Besides ICAM-1 and VCAM-1, other cell adhesion molecules like CD44, CD62P (P-selectin) and the urokinase-type plasminogen activator receptor (uPAR) were up-regulated during inflammation. Interestingly, several receptor tyrosine kinases implicated in the regulation of lymphangiogenesis (Tie-1, Tie-2, VEGFR2 and VEGFR3) were among the down-regulated cell surface molecules ( Table 1 and Figure 2A ) 22, 23 .
Differential expression of selected cell surface molecules was validated at the protein level by FACS analysis, performed on ear tissue single-cell suspensions, and by immunofluorescence ( Figure 3A-C) . Interestingly, FACS analysis also confirmed an inflammation-induced upregulation of CD274 (programmed death ligand-1 (PDL-1)) and of CD74 (the invariant chain of MHCII), molecules with well-described functions in antigen presentation (Figure 3A,B) . A 
CHS-induced inflammation up-regulates chemokine expression in LECs
Various secreted proteins, including genes with a reported function in extracellular matrix remodeling and angiogenesis, were differentially expressed in LECs during CHS-induced skin inflammation ( Table 2) . Furthermore, many chemokines were highly up-regulated in inflamed LECs. In fact, 11 out of the top 100 inflammation-induced genes were chemokines (Table 2, Figure 4A and data not shown). Most up-regulated chemokines were inflammatory chemokines ( Figure 4A) , the receptors of which are expressed on leukocytes found in inflamed tissues 25 as well as on endothelial cells 26 . Interestingly, no inflammation-induced upregulation of CCL21 was observed. By contrast, a weak signal for CCL19, the second ligand of CCR7, was detected in the arrays of inflamed LECs (Fig. 4A) . The inflammation-induced up-regulation of several (Figure 5B ). Furthermore, a striking reduction in the induction of CCL2, CCL8, CXCL9 and CXCL10 was observed in CFA-induced as compared to CHS-induced inflammation (Figure 5A) . In contrast to CHS-induced inflammation, LEC marker gene were not down-regulated by CFA-induced inflammation (Supplemental Figure 4A ). Other inflammation-induced genes like S100a9, TIMP1 or CD62P were similarly induced under both inflammatory conditions (Supplemental Figure 4B) .
When investigating the effects of inflammation on gene expression in BECs we found that CHS-and CFA-induced inflammation led to similar differential chemokine response patterns in BECs (Supplemental Figure 5A) , as observed in LECs (Figure 5A) . Furthermore, the induction of VCAM-1 was differentially regulated in BECs (Supplemental Figure 5A) .
Therefore, a stimulus-specific response to inflammation appears to be a general feature of both endothelial cell types. Interestingly, CD62P was upregulated at both the mRNA and protein level in LECs (Table 1 & Figure 3A,B) , but only at the protein level in BECs (Supplemental Figure 3A,B and Supplemental Figure 5B ). This indicates that in LECs, CD62P is de novo synthesized, whereas in BECs, it may be upregulated by release of pre-synthesized CD62P from Weibel-Palade bodies. 28 For personal use only. on October 4, 2017. by guest www.bloodjournal.org From To test whether differential inflammatory response patterns could also be induced in cultured LECs, we performed in vitro assays with conditionally immortalized LECs (imLECs), which we isolated from the skin of H-2Kb-tsA58 (Immorto) mice 12 . imLECs expressed VEGFR3, Prox-1, LYVE-1, CD31 and podoplanin at the protein level (Supplemental Figure 6A) , and microarray-based analysis of these cells further confirmed their phenotypic similarities to FACS-sorted primary LECs ( Supplemental Table 1 (Figure 5D, E) . However, in the case of CCL2, CCL7 and CXCL5, the response patterns induced in imLECs did not correlate with the in vivo findings (Figure 5D, E) , indicating that the in vitro conditions used did not completely mimic the inflammatory response of LECs to CHS-or CFA induced tissue inflammation.
Taken together, our data indicate that the pattern of inflammatory chemokine production and the regulation of ICAM-1 and lymphatic marker gene expression in LECs highly depends on the nature of the inflammatory stimulus.
CCL21 protein levels are increased during CHS-and CFA-induced inflammation
Surprisingly, our microarrays analysis did not reveal any inflammation-induced up-regulation of CCL21 mRNA expression in LECs (Figure 4A) . Immunofluorescence performed in ear whole mounts detected abundant CCL21 expression in lymphatic vessels in uninflamed and in CHS-For personal use only. on October 4, 2017. by guest www.bloodjournal.org From or CFA-inflamed skin (Figure 6A) . Under all conditions, CCL21 expression was almost exclusively observed in LYVE-1 positive lymphatic vessels. Interestingly, we observed a granular staining pattern for CCL21 (Figure 6A ), suggesting that most CCL21 is localized in intracellular vesicles, as recently reported 10 . Quantification of CCL21 protein levels in ear extracts revealed a 2.3-fold increase in CHS-inflamed ears and a 1.7-fold increase in CFAinflamed ears, as compared to control ears (Figure 6B) .
The magnitude of DC migration does not correlate with CCL21 and ICAM-1 expression in LECs
In a next step, we studied whether the stimulus-dependent differences observed in the inflammatory response in LECs (Figure 5A (Figure 6C) . This quantification revealed that DC migration to dLNs was markedly induced during inflammation (Figure 6D) . Surprisingly, DC migration was 1.9-fold (p= 0.016) more enhanced during CFA-induced than during CHS-induced inflammation (Figure 6D) , in spite of lower CCL21 and ICAM-1 induction in LECs (Figure 5B & 6A) . The increase in DC migration was not simply due to increased DC numbers in CFA-inflamed as compared to CHS-inflamed tissue at the time of FITC painting ( Figure 6E) . This suggests that the enhancement of DC migration from CFA-inflamed tissue was due to other inflammation-induced changes in LECs and / or in DCs.
Inflammation enhances DC migration mainly by CCR7-dependent, but also by CCR7independent mechanisms
In a next step, we wanted to investigate to which extent the observed enhancement of DC migration during CFA-induced inflammation was dependent on CCR7 -CCL21 signaling. Since For personal use only. on October 4, 2017. by guest www.bloodjournal.org From mice with defective CCL21 expression in lymphatics have not been generated or described 11 , we instead made use of CCR7-deficient mice 7 . FITC painting experiments were performed in uninflamed and in CFA-inflamed ears of CCR7 -/and WT mice. CFA injection induced a similar ear swelling response in WT and CCR7 -/mice (Figure 7A) . Under uninflamed conditions, DC migration to dLNs was significantly reduced in CCR7 -/mice as compared to WT mice, as previously reported 7 (Figure 7B,C) . Interestingly, the deficiency of CCR7 -/-DCs to migrate to dLNs became even more pronounced during inflammation: While approximately 14.5-fold more WT as compared to CCR7 -/-DCs had migrated to the dLN under uninflamed conditions, this ratio was elevated to 62.2-fold under inflammatory conditions (Figure 7C) . This result indicates that CFA-induced inflammation enhanced DC migration in a mainly CCR7-dependent manner -either by increasing the availability of CCL21 on lymphatic vessels, or by enhancing the responsiveness of DCs to CCR7 ligands. Interestingly, we observed that CFA-induced skin inflammation also moderately (2.2-fold (p=0.066)) enhanced DC migration in CCR7 -/mice ( Figure 7D) . Notably, CFA-induced inflammation did not increase DC numbers in the ears of CCR7 -/mice (data not shown), therefore excluding that the observed increase in CCR7independent DC migration was a mere recruitment phenomenon. Importantly, these findings suggest that besides CCL21, also other LEC-expressed chemotactic signals and / or adhesion molecules contribute to enhanced DC migration during inflammation, albeit to a moderate extent.
Discussion
In this study, we have analyzed the transcriptional changes that occur in LECs during skin inflammation. To our knowledge, our study represents the first description of the in vivo inflammatory response of LECs. Using this information, we have studied how inflammation impacts DC migration, a process thought to be indirectly controlled by inflammation-induced changes in gene expression in LECs. 29, 30 A first surprising finding of our study was that CHS-induced inflammation led to a marked down-regulation of various lymphatic marker genes in LECs. Besides LYVE-1, which was previously shown to be down-regulated during inflammation 20, 21 , we also observed a significant down-regulation of the transcription factor Prox-1 and of VEGFR3, a well-described Prox-1 target gene. 31 In contrast, no significant down-regulation of LEC marker genes was observed during CFA-induced inflammation, indicating that this response is stimulus-specific.
Interestingly, several pan-endothelial marker genes were also down-regulated during CHSinduced inflammation. It is presently unknown which factors induce this down-regulation and whether lymphatic markers remain down-regulated at later stages of the inflammatory response. Given that VEGFR3 and LYVE-1 are interesting diagnostic and therapeutic targets 32, 33 , inflammation-induced down-regulation of these genes could be of clinical relevance.
Another important finding of our study was that the up-regulation of chemokines and of ICAM-1 in LECs varied between different inflammatory stimuli, indicating a complex control mechanism of the inflammatory response LECs. Interestingly, ICAM-1 was recently shown to be upregulated during CHS and to mediate DC migration from inflamed skin to draining LNs in this model. 2 Similarly, we also observed a strong up-regulation of ICAM-1 during CHS. By contrast, CFA-induced inflammation was accompanied by almost no induction of ICAM-1. Nevertheless, DC migration was significantly more enhanced during CFA-induced than during CHS-induced inflammation. This suggests that ICAM-1 up-regulation does not enhance DC migration during For personal use only. on October 4, 2017. by guest www.bloodjournal.org From every type of inflammation and may therefore not be a suitable target for blocking DC migration in the context of inflammation or tissue rejection. 6 CHS or CFA-induced inflammation led to a strong induction of inflammatory chemokines in both LECs and in BECs. Moreover, striking differences were observed in the patterns of chemokines induced under these two inflammatory conditions. From the blood vascular system it is well known that the composition of chemokines expressed or presented by the BECs during inflammation determines which leukocyte subsets are recruited into the tissue. 25 Although not analyzed so far, it is possible that also the chemokines which are upregulated in LECs during tissue inflammation mediate the migration of leukocytes, such as macrophages 34, 35 , neutrophils 36, 37 or memory/effector T cells 38, 39 , into afferent lymphatics. In this regard, the stimulus-dependent differences in chemokine expression in LECs, which we observed in our study, could serve as an additional control mechanism to coordinate tissue retention of leukocytes or their exit by entry into afferent lymphatics.
Both CHS-and CFA-induced inflammation led to an up-regulation of CCL21 protein in the ear tissue, as determined by the analysis of ear protein extracts. Since LECs were virtually the only CCL21-producing cell type in the ear skin, we assume that this increase in CCL21 protein is due to CCL21 production in LECs. Inflammation-induced up-regulation of CCL21 protein in LECs was recently also reported by other studies. [8] [9] [10] 40 In agreement with a recent report 10 , we observed a granular expression pattern for CCL21, suggesting that CCL21 is stored mainly in intracellular compartments. The total amount of protein present in LECs may therefore not necessarily be indicative for the extracellular, chemoattractive fraction of CCL21. Intriguingly, we observed that CFA-induced inflammation was a stronger inducer of DC migration, in spite of slightly lower CCL21 protein levels present in ear extracts. Interestingly, CCL19 mRNA was also induced during both CHS-and CFA-induced inflammation (data not shown). However, we could not detect CCL19 protein expression in inflamed lymphatics by ear whole mount For personal use only. on October 4, 2017. by guest www.bloodjournal.org From immunofluorescence (data not shown), likely reflecting the low signal intensities for CCL19 detected in the arrays.
In agreement with a previous study 8 Immature DCs reportedly express various receptors for inflammatory chemokines 41 . Maturation induces the up-regulation of CCR7 and the concomitant down-regulation of inflammatory chemokine receptors in DCs. 42, 43 However, since DC maturation and migration are thought to be simultaneous processes 44 , it is possible that inflammatory chemokines, which are upregulated in LECs during inflammation, still contribute to DC migration into lymphatics. In this regard, CCL2 and CXCL12, which reportedly are also involved in DC migration from the skin to dLNs under uninflamed conditions, could be interesting candidates. 45, 46 However, in comparison to CCL21, this contribution appears to be rather modest.
Collectively, our findings reveal that the inflammatory response of LECs and the migratory response of DCs during inflammation are stimulus-dependent. Our findings indicate that enhancement of DC migration during inflammation is only weakly stimulated by LEC-induced genes other than CCL21. The latter observation could have implications for new therapeutic approaches to modulate DC migration in the context of vaccination and of chronic inflammation. 
